The self-ordering behavior of anodic aluminum oxide (AAO) has been investigated for anodization of aluminum in malonic acid (H 4 C 3 O 4 ) solution. In the present study it is found that a porous oxide layer formed on the surface of aluminum can effectively suppress catastrophic local events (such as breakdown of the oxide film and plastic deformation of the aluminum substrate), and enables stable fast anodic oxidation under a high electric field of 110-140 V and ∼100 mA cm −2 . Studies on the self-ordering behavior of AAO indicated that the cell homogeneity of AAO increases dramatically as the anodization voltage gets higher than 120 V. Highly ordered AAO with a hexagonal arrangement of the nanopores could be obtained in a voltage range 125-140 V. The current density (i.e., the electric field strength (E) at the bottom of a pore) is an important parameter governing the self-ordering of the nanopores as well as the interpore distance (D int ) for a given anodization potential (U ) during malonic acid anodization.
Introduction
Nanoporous anodic aluminum oxide (AAO) with selforganized hexagonal arrays of uniform parallel nanochannels has been intensively utilized as the starting material for fabricating various functional nanostructures, in application areas such as magnetic media, optoelectronics, biosensors, and photonics [1] [2] [3] [4] [5] [6] . To facilitate various practical applications and nanodevices, fabrication of highly ordered nanoporous alumina over a broad range of interpore distances (D int ) by a simple process on a large scale is an essential task.
In a typical anodization process, self-ordered honeycomblike domain structures of nanopores are formed with a size of few micrometers. Regular self-ordered pore structures occur only in quite small processing windows. The conditions under which self-organization occurs under certain process conditions depends on the selected acid electrolytes. Selfordered pore formation can be obtained for three major regimes at the following voltages: sulfuric acid (H 2 SO 4 ) at 25 V for D int = 65 nm, oxalic acid (H 2 C 2 O 4 ) at 40 V for D int = 100 nm, and phosphoric acid (H 3 PO 4 ) at 195 V for D int = 500 nm [7] [8] [9] [10] [11] [12] . When the anodization of aluminum is carried out outside the self-ordering regime, the degree of spatial order of the oxide nanochannels decreases. In a given electrolyte, anodization at a voltage significantly higher than the optimum voltage results in catastrophic flow of electric current on the aluminum substrate accompanied by intense gas evolution. If local film thickening is observed as a result of such behavior, it is called 'breakdown' of the oxide film [13, 14] . Such limitation in the anodization process could reduce potential applications of nanoporous alumina. To widen the applications of nanoporous alumina, the fabrication of ordered porous alumina with an arbitrary pore interval by a deliberate choice of the anodization condition is highly desirable.
To date, various attempts have been made to induce self-ordering of AAO in a wider interpore distance (D int ) range [14] [15] [16] [17] . Shingubara et al used a 1:1 oxalic/sulfuric acid mixture in anodic oxidation to obtain self-ordered nanohole arrays with D int = 73 nm [16] . Ono et al found that self-ordered pore arrays occur in the film formed during breakdown [14, 15] . They proposed that the condition inducing film growth under high current density, i.e., a high electric field (E ), is the key controlling factor governing the self-ordering. Based on this assumption, they demonstrated the fabrication of self-ordered porous alumina with a D int = 600 nm by anodizing aluminium in citric acid solution just below the breakdown voltage (240 V). Chu et al reported fabrication of self-ordered nanoporous alumina with D int ∼ 130 nm under a high electric field of 70 V and 200 mA cm −2 by using a specially prepared electrolyte, so-called aged sulfuric acid solution, to prevent breakdown of the oxide film [17] . More recently, Lee et al reported on fast fabrication of long-range ordered AAOs by oxalic acid-based hard anodization (HA) at >110 V [18] . This anodization process, exhibiting a 25-30 times faster oxide growth as compared to conventional oxalic acid anodization at 40 V, establishes a new self-ordering regime of D int = 200-300 nm.
Here we report on the self-ordering behaviour of nanoporous AAO during high-field anodization of aluminum substrates using malonic acid. The anodization potentials that we have used for studying the self-organizing behavior are in the range between 110 and 150 V. We found that the formation of a barrier oxide layer or the prior formation of porous alumina film under mild anodization conditions by a different electrolyte enables not only stable anodization by malonic acid at a formation voltage higher than 125 V but also homogeneous growth of self-ordered oxide nanopores. Anodization of aluminum using malonic acid can be dated back to the late 1950s, when Kape found that dilute solutions of malonic acid can act as anodizing electrolytes and can be used over a wide range of concentration (10-15% w/v) and temperature (40-60
• C) [19, 20] . Kape suggested that malonic acid solution would be suitable for producing anodic coatings having a very wide range of structures and properties. Disordered porous anodic films with excellent hardness and corrosion resistant characteristics were fabricated by malonic acid anodization. Although there was a recent attempt to synthesize AAO by malonic acid with a certain degree of self-arrangement [21] , the process needs further optimization and careful investigations on the self-organization behaviour for practical application of the resulting AAO as a template system.
Experimental details
As-received aluminum disks (Goodfellow, 99.999%) were used in anodization experiments without the annealing step. In contrast, the aluminum disks were electrochemically polished in a vigorously stirred 1:4 mixture solution of 65% HClO 4 and 99.5% ethanol (5 • C) in order to exclude the effect (e.g., localized field concentration) that could arise from the surface roughness during high-field anodization.
All anodization experiments were performed in an electrochemical cell equipped with a powerful cooling stage that is in thermal contact with the aluminum substrate to effectively remove the reaction heat [18] . In order to achieve uniform film growth in malonic acid (H 4 C 3 O 4 , Aldrich) solution under a high electric field (>100 V), the mirror finished aluminum disk was first hard-anodized at 110-140 V in 0.3 M oxalic acid (1 • C) for 5 min according to the method reported previously [18] . The voltage for oxalic acid hard anodization (HA) was chosen to be the same as the target formation voltage of the subsequent malonic acid anodization. This pre-anodization step produced a porous anodic oxide layer on the aluminum substrate. Subsequently, malonic acid anodization was conducted at 110-140 V in 1.67 M malonic acid (0 • C); in comparison with oxalic acid the saturation concentration of malonic acid is rather high. The resulting anodic alumina films exhibited a yellow to deep brown color, depending on the voltage and the thickness of the oxide. Direct anodization without pre-anodization resulted in a non-uniform anodic alumina with inhomogeneous cells and burning of the oxide film at a voltage above 125 V.
The bottom surfaces of the as-prepared anodic aluminum oxide (AAO) film were characterized as a non-porous thin oxide layer (i.e., barrier layer) with approximately hemispherical geometry. At the same time, the surface of the aluminum substrate just underneath this thin oxide layer is textured with an array of hexagonally close-packed concaves. This textured aluminum sheet was obtained by stripping of the AAO film by immersing the as-anodized sample in a solution comprised of a mixture of 1.8 wt% chromic acid and 6% H 3 PO 4 at 65
• C for 24 h. On the other hand, freestanding AAO films were obtained by removing the aluminum substrate by using a mixture solution of CuCl 2 and HCl. The regularity of the pore arrangement and the homogeneity of oxide nanopores in the AAO film and the surface of textured aluminum were investigated by scanning electron microscopy (SEM, Jeol JSM6300F).
Results and discussion

Effect of pre-anodization on the growth of AAO
Recently, we have reported that a thin porous oxide layer (typically, 400 nm) formed on the surface of aluminum substrate provides uniform pore nucleation sites at the early stage of high-voltage anodization (>110 V) in an oxalic acid solution [18] . It was found that the nanoporous surface oxide layer effectively prevents local catastrophic events such as local flow of high electrical current and defects by surface pitting, enabling fast fabrication of highly ordered porous anodic aluminum oxide (AAO) under the influence of a high electric field. Based on these findings we investigated the effect of a barrier type or protective oxide layer formed by various surface treatments on the self-ordering behaviour of porous AAO in a malonic acid solution. We used an aspolished surface (a) and nanoporous surface oxide layers which were generated by anodizing as-electropolished aluminum under membrane formed by direct anodization of as-electropolished aluminum (i.e., without pre-anodization). It should be pointed out that direct anodization results in plastic deformation of the aluminum substrate, as manifested in the bottom surface view of AAO in figure 1(a) . The deformation of the aluminum substrate can be observed even for the sample anodized at a lower potential (e.g. 110 V) and becomes pronounced for higher anodization potential (see supplementary information, figure S1 (available at stacks.iop.org/Nano/18/475713)). Figure 2 shows the current-time transients during the anodization of aluminum substrates after the respective surface pre-treatments. The anodization experiments were carried out in malonic acid at 130 V for 2 h. It is clear that the surface of an aluminum substrate influences the current evolution during the anodization, which is in line with the results by Ono et al [21] . Anodization of as-electropolished aluminum substrates exhibited a very slow current increase ( figure 2(a) ). The main anodization of pre-anodized aluminum under MA conditions resulted in a moderately quick increase in current ( figure 2(b) ). On the other hand, anodization of pre-anodized aluminum under HA conditions exhibited a very steep current increase in the early anodization stage ( figure 2(c) ). For all cases of surface treatments, lowering of the anodization potential commonly led to retardation in the current increase (see supporting information, figure S2 (available at stacks.iop.org/Nano/18/475713)). The observed large and rapid increase in current shown in figures 2(b) and (c) could be attributed to the periodic pore nucleation sites formed by the pre-anodization under MA or HA.
In general, the surface of anodized aluminum is textured with an array of approximately hemispherical concaves. It has been suggested that the thickness (typically, 3-4 nm) of the barrier oxide layer on a textured aluminum surface is non-uniform, and that the thinnest oxide occurs at the center of concaves, where the resistance is lowest and the electric field is highest [10] . As a consequence, pore nucleation for the textured surfaces is easier compared to flat ones, and the current increase associated with the pore growth is faster. Since the size of each concave of a textured aluminum is predefined by the pre-anodization potential, the lateral dimension of concaves of the sample pre-anodized under HA should be comparable to that of the subsequent malonic acid anodization. We believe that this dimensional matching of concaves is favorable for the redistribution of electric field and ionic current at the bottom of the pores at the early stage of malonic acid anodization. Accordingly, the sample pre-anodized under HA exhibits a faster increase in current than for MA, as shown in figures 2(b) and (c).
Previously, Ono et al suggested that electropolishing could not be adopted for the anodization with some organic acid electrolytes having a low dissociation constant because of the thin (3 nm) and compact native oxide film formed by exposure to air or water after the electropolishing process [21] . For the present malonic acid anodizations, however, it is believed that geometric contribution of the textured surface on the pore nucleation is dominant over the dissociation ability of the organic electrolyte (i.e., malonic acid), because the samples pre-anodized under MA or HA commonly have a much thicker (about 40 nm for MA and >120 nm for HA) barrier oxide layer at the pore bottom compared to a flat and smooth surface of a simply electropolished aluminum substrate. Figure 3 shows the evolutions of (a) current and (b) AAO film thickness during anodization at 110-140 V. Unlike the conventional anodizations, the current-time transients of malonic acid show an initial pronounced increase in current density followed by an exponential decrease as a function of time, which is similar to the anodization curve of oxalic acid hard anodization [18] . Such an unusual current evolution in malonic acid anodization could be explained by the diffusionlimited anodization process at the pore bottom as a result of a rapid increase in the diffusion path (i.e., rapid pore growth). It is believed that the current during anodization is mainly related to the movement of ionic species (O 2− , OH − , Al 3+ ) through the oxide layer at the pore bottom. In other words, the mass transport of oxygen containing anionic species from the bulk reservoir (i.e., the electrolyte) to the oxide growth interfaces determines the current during the anodization process. Accordingly the ionic current is expected to decrease gradually over time due to the extended diffusion path along the high aspect ratio cylindrical nanochannels [18] . The diffusion limitation can be further evidenced by the nonlinear film growth rate, as shown in figure 3(b) . It should be noted that the present anodization process exhibits very high film growth rates (30-80 μm h −1 ) as compared to those (2-6 μm h −1 ) of conventional MA processes. These high growth rates are comparable to those (50-100 μm h −1 ) of oxalic acid-based HA [18] . figure 4(f) . As shown in the figure, the cell homogeneity of anodic alumina films increases dramatically as the anodization voltage becomes higher than 120 V. The most highly ordered anodic alumina films with a very high degree of hexagonal arrangement were obtained under 120-140 V, where the cell homogeneity of the oxide film is rather insensitive to the anodization potential (U ). According to SEM analyses, the typical size of the ordered pore domains, which are separated from neighboring domains with different orientations of the pore lattice, was in the range 3-4 μm. However, the degree of self-ordering of oxide nanopores decreased at anodization potentials (U ) more than 150 V and was accompanied by significant plastic deformations of the underlying aluminum substrate.
Current-time transient and the evolution of oxide thickness
Self-ordering behavior of oxide nanopores
Previous studies have indicated that the cell ordering in conventional mild anodization (MA) processes using H 2 SO 4 and H 2 C 2 O 4 improves in general as a function of the film thickness [8, 9] . In other words, highly ordered porous structures are obtained only after long-term anodization because the film thickness is proportional to the anodization time. In order to investigate the effect of anodization time on the ordering of oxide cells during malonic acid anodization, a series of samples was prepared at 110-140 V for different anodizing times. It was found from microscopic analyses that unlike for the case of MA processes the ordering of cells shows an inverse time dependence on the anodization time (t), as representatively shown in figure 5 . For AAO films formed at >120 V, long-range ordering of oxide pores was established in a fairly short anodization time (t < 15 min). On the other hand we could not observe any long-range ordering for AAO films formed at 110-120 V. Only short-range ordering of cells could be observed at the early anodization stage. The cell homogeneity of anodic alumina was found to be clearly inferior to that of the samples formed at >120 V, although the film thickness is comparable or even thicker.
The observed self-ordering behavior could be explained by considering the time dependence of the anodization current density ( j ). It has been suggested for oxalic acid-based HA that the current density (i.e., the electric field strength (E ) at the pore bottom) is an important parameter governing the self-organization of oxide nanopores for a given anodization potential; the repulsive interactions between oxide cells under high current density ( j ), which is associated with high mechanical stress at the metal/oxide interface due to the volume expansion, have been suggested to be the main driving force for the self-organized formation of the ordered hexagonal pore arrays [18] . As shown in figure 3(a) the current-time transients of malonic acid anodization show an initial sharp increase in current followed by a nearly exponential decrease as a function of time, unlike MAs where the current is maintained at a certain value throughout anodization. Accordingly, the observed cell disordering for the long-term anodized samples could be attributed to the exponential decrease in current density ( j ). The present experimental results indicate that for a given anodization potential (U ) the current density ( j ) should be maintained in a certain range in order to obtain ordered AAO. The colored background area in figure 3(a) represents the empirically determined optimum range of current density ( j = 10-50 mA cm −2 ) for self-organization of nanopores.
Characteristics of high-field anodization
Since the current density for a given anodization potential decreases exponentially over time as shown in figure 3(a) , we can expect that the cell size (or D int ) should increase with anodization time. In order to get insight into the influence of current density ( j ) on interpore distance (D int ), microscopic investigations were performed on the samples prepared at 110-140 V for different periods of time. Figure 6 summarizes the effect of current density ( j ) on the interpore distance (D int ) for malonic acid anodizations. Previous studies indicate that D int of AAOs formed under MA conditions using H 2 SO 4 , H 2 C 2 O 4 , and H 3 PO 4 is linearly dependent on the applied voltage with a proportionality constant ζ MA = D int /U = 2.5 nm V −1 [22] [23] [24] . However, the proportionality constant ζ H4C3O4 for AAO films formed by the malonic acid anodization decreases from 2 to 1.8 nm V −1 with increasing anodization potential (U ), and is found to be smaller than for MA conditions, but rather close to that ζ HA = 2.0 nm V −1 for oxalic acid-based HA [18] . Considering the exponential decrease in current density ( j ) over time, the present data reveal that for a given anodization potential (U ) the cell size (or D int ) increases with decreasing current density ( j ), which is consistent with the recent results obtained from oxalic acidbased HA and other high-field anodizations [17, 18, 25] . Figure 7 shows SEM micrographs of (a) the bottom surface of AAO formed at 130 V and (b) the tilted surface of the underlying textured aluminum, together with (c) a schematic illustration of the cross-section of AAO/Al along a domain boundary with lattice mismatch points. The presence of aluminum pillars on the surface of textured aluminum is clear from the tilted view of textured aluminum as shown in figure 7(b) . According to SEM analyses on textured aluminum, these aluminum nanopillars were mainly formed at the domain boundaries, and contain irregular junctions connecting four or five non-hexagonal cells. It is believed that the holes indicated by white circles in figure 7(a) are originally filled with long aluminum pillars, as schematically illustrated in figure 7(c), which were etched out during the aluminum removal process using a mixture solution of CuCl 2 and HCl. The reason for the formation of aluminum nanopillars during the anodization is not clear at the moment. But it is believed that a high current density, i.e., electric field strength (E ), concentrated at the pore bottom is mainly responsible for the development of aluminum nanopillars. For the conventional anodization process it has been suggested that the exothermic water-splitting reaction at the interface of oxide/electrolyte promotes the acid-catalyzed local dissolution of barrier oxide at the center of the pore bottom, where significant Joule heating occurs due to the concentrated electric field [10] . This preferential barrier oxide dissolution produces an approximately hemispherical barrier layer at the pore bottom while leaving an array of concave patterns on the aluminum substrate. This dissolution process is expected not to affect the pore walls, but to result in ordered arrays of cylindrical alumina nanochannels. More recently, Skeldon et al have proposed that in contrast to the field-enhanced dissolution plastic flow of oxide materials from the barrier layer toward the pore wall is responsible for the formation of pores with scalloped geometry at the pore bottom [26, 27] . They suggested that migration of film materials is driven by compressive stresses from electrostriction and/or volume expansion due to oxidation.
We assume that the above two local events can contribute to the formation of long aluminum nanopillars during anodization. The field-assisted local dissolution of barrier oxide or the flow of film materials from the pore bottom to cell walls under a high field anodization is expected to be much more vigorous than that of a standard anodization as a result of the high current density (i.e., high electric field E). These local events are suggested to be quite significant in the area with disordered pore arrangements. Considering the concentration of electric field at the pore bottom, the acid-catalyzed dissolution process and/or local flow of film materials at the center of pore bottom are expected to be much more significant compared to the anodic oxidation of aluminum in the region farthest from the center of the pore bottom. As a consequence, the processes could result in long aluminum pillars at the irregular cell junctions (i.e., lattice mismatch points), which also have been observed for oxalic acid-based hard anodization.
Conclusions
The self-ordering behavior of nanoporous anodic aluminum oxide (AAO) during malonic acid anodization was investigated. It was found that a porous oxide film formed on electropolished aluminum before the actual anodization process can effectively suppress undesired surface events (such as breakdown, and plastic deformation of the aluminum substrate), and thereby ensures stable anodization under a high electric field of 110-140 V and ∼100 mA cm −2 . Selforganization of oxide nanopores was observed at voltages of 120-140 V. The ratio (1.8-2.0 nm V −1 ) of the cell size (i.e., interpore distance) to the anodization potential (U ) for malonic acid anodization was found to be smaller than that (2.5 nm V −1 ) for the conventional mild anodization (MA), but rather close to that (2.0 nm V −1 ) of oxalic acid-based hard anodization (HA). Present studies indicate that high current densities (i.e., the electric field strength at the pore bottom) are an important parameter governing the self-ordering of oxide nanopores for a given anodization potential (U ) as well as the interpore distance (D int ) during malonic acid anodization, which is consistent with the recent results obtained from oxalic acid-based hard anodization (HA) or other high-field anodizations. It is suggested that the repulsive interactions between oxide cells under high electric field strength (E ), which is associated with high mechanical stress at the metal/oxide interface due to the volume expansion, are the main driving force for the well-developed self-organized formation of ordered hexagonal pore arrays.
